The field application of a proposed procedure for the wind load identification is presented. The wind loads is inversely reconstructed from measured structural response in time domain, using an augmented impulse response matrix. The inherent noise amplification, arising from the ill-conditioning associated with the inverse problem, is resolved by means of Tikhonov regularization scheme in conjunction with two techniques for optimal regularization parameter estimation. To increase the accuracy along with the availability of the measured response only at a limited number of sensor locations, the problem is projected onto the modal coordinates. The structural modal parameters are obtained by an operational modal analysis technique. The case study of this paper is a 9.1 m (30 ft) tall guyed mast. Numerical simulation was implemented by finite element modeling of the mast and a realistic two dimensional multivariate fluctuating wind speeds, to verify the experimental results by analogy. The results are provided in time and frequency domain. Comparison of the experimental results with the numerical simulation, where actual loads are available, confirm the capability of the proposed method. Based on the existing analogy, the reconstructed wind load in higher modes, derived from different regularization parameter estimation techniques, can also be validated.
Introduction
Inverse identification of dynamic loads is a common problem in different fields of engineering such as in engine-induced vibrations of vehicle chassis (Hebruggen et al., 2002; Leclèrea et al., 2005) , moving loads on the bridges (Zhu and Law, 2002; Lee, 2014; Law and Zhu, 2011) or in wind-induced vibration of the structures (Kazemi Amiri and Bucher, 2014; Chen and Lee, 2008) . The load identification problem is generally an example of the inverse problems with application to structural dynamics and vibrations. Dynamic load identification becomes more appealing in the cases, where the excitation factor can not be directly observed through measurements. This could be due to either the nature of excitement cause or the restrictions of man-made apparatus. The dynamic wind load, as a consequence of the wind pressure with the continuous distribution on the structural elements, is a good example in this regard. Engineers can obtain plenty of advantages, if good knowledge on dynamic loads are available. Those advantages can be outlined from the design phase (e.g. improvements in the loading guidelines of the standards) up to the post-analysis phase, as in structural performance improvement (Ziegler and Amiri, 2013) or health monitoring of the in-service structures.
The design codes of practice for wind loading provide useful instructions for engineers. The required codification data is mostly acquired by wind tunnel testing (Holmes, 2007; Simiu and Scanlan, 1978) . However, laboratory assisted simulation of a complex phenomenon in wind tunnel is bound to uncertainty due to the numerous restricting factors. Therefore, the information obtained by wind load identification from the field measurement data can be beneficial to verification of the wind tunnel test data. Moreover, in situ reconstructed wind load data can be also utilized for a more realistic reliability and risk assessment of the in-service structures. Note that, usually for this analysis purpose, the numerical simulation results are used (Bucher, 2009; Augusti et al., 1984) .
Recently, wind load reconstruction from response measurements was investigated in a couple of studies. However, these studies are not significant in number, compared to those, generally conducted in dynamic load identification area. Hence, there is a tangible need for more research studies, particularly on the wind load related issues from different aspects. The studies on the wind load reconstruction may be categorized with respect to the way they treat the input identification problem. For example, it is suggested in Law et al. to reconstruct the wind force as nodal loads, acting on the structures in the physical subspace, despite the insufficient number of measured points. According to Law et al., the iterative simulation of the wind speeds, based on the identified wind speed characteristics of the site of the structure, plays an important role in order to supply the structural response data for unmeasured points. Another approach is to transform the problem into another subspace (e.g. modal subspace) to truncate the unknowns to the number of equations, available from the measurement at sensor locations. The presented work in Hwang et al. (2011) is an example of the latter, where the modal wind load is recovered through Kalman filtering scheme for a step-wise state-input estimation of the system. Nonetheless, this approach cannot suppress the noise magnification due to assuming an identity covariance matrix of the external loads, but instead suggests to additionally apply lowpass filter on the measurement data to remove noise in relatively higher frequencies. In this situation a good knowledge on the noise properties is inevitable, in order to set the digital filter properties such that the main contents of the response data remain intact. In Lourens et al. (2012) an augmented Kalman filter (AKF) was introduced, that embeds the input load in the state equation and estimates the system state and input load simultaneously, using L-curve technique for finding the appropriate force covariance matrix. However,the drawbacks of this method due to sensor location or stability issues demonstrates that still the Tikhonov type solution acquired by dynamic programing are more robust in practice. It is stated in Azam et al. (2015) , that by an expert guess on the covariance of the input and through a proposed dual Kalman filter, the drift effect in the estimated input load via implementing the augmented Kalman filter can be avoided. The addition of dummy measurement to the AKF scheme was another remedy for resolving the instability of the filter, that is discussed in Naets et al. (2015) . All of the latter studies, despite their novelties and capabilities, require some essential a priori information either on the measurement noise or on the applied load features mainly in terms of process covariance matrices. In case of wind load, the incompleteness of response data demands to apply a sort of order reduction to the system equations of motion. In this situation, a priori knowledge about the input becomes more critical, because the features of the projected input on the order reduction vector must exist. However, one should mention the computational efficiency of those methods as a notable strength, in comparison with the deconvolution methods.
With respect to the above-mentioned points, in this contribution an approach for wind load identification is adopted, when the following conditions hold: a) additional data or information on the wind characteristics of the site of the structure, acting wind load or noise nature is unavailable, b) structural response just on a limited number of points can be measured, c) the noise effect within solving the inverse problem should be resolved, d) only structural modal characteristics (natural frequencies, mode shapes and damping ratios) through a system identification method and accordingly modal analysis are available. The implementation of such method is principally simpler than the above methods, though at a cost of more computational effort. However this method can provide the a priori knowledge or crosscheck possibility for the above methods, particularly in case of wind loading, where the wind loading properties are highly variable with respect to the wind speed change.
For a structure undergoing wind vibration, application of this procedure requires only the response data derived from the field measurement. The impulse response matrix, necessary to construct the input-output (dynamic load-response) relation, is generated based on a previous work of the authors (Kazemi Amiri and Bucher, 2015) . The case study structure in this study is a 9.1 m (30 ft) tall guyed mast with tubular elements. The characteristics of the reconstructed modal wind loads have been inspected in time and frequency domain. As a matter of fact it is not feasible to measure the actual wind load in the field testing tasks. Consequently, in order to verify the experimental results, the numerical simulation of the same problem was implemented. This is done by the finite element model of the mast structure and digital simulation of the wind speed. The analogy between the numerical simulation and practical field application results provides useful information on how to verify the correctly identified modal wind loads. According to the existing analogy, it is concluded that the in situ modal wind load identification can be accomplished through the introduced procedure.
Wind load reconstruction procedure
Consider the equation of motion of a linear multiple degrees of freedom structure with mass m, stiffness k and the classical damping c. Those equations are decoupled into a set of one degree of freedom systems in modal coordinates q, using the substitutions t t u Φq ( ) = ( ) and then premultiplying by Φ T (Ziegler, 1998; Chopra, 1995) :
where P Φ p = T and ζ i , ω i denote the damping ratio and natural circular frequency at i th mode, respectively. Note that, the overdots refer to the time derivatives. The steps of the proposed procedure for wind load reconstruction are as follows:
1. The first step is identification of the structural modal parameters, i.e. ω i , Φ r and ζ i . Hereafter, the subscript r refers to the reduced set of identified mode shapes or measured response vectors, since these are just available at the sensor locations. 2. The measured response acquired from different sensor channels mounted on the structure is decomposed by means of the following equation:
and t q( ) ∼ denote the pseudo inverse of the incomplete mode shapes matrix and the approximated modal response matrix, respectively. 3. The validity of the decomposed modal response is checked by means of its power spectrum or simply its Fourier transform; such that each modal response must only have one dominant vibration frequency corresponding to the natural frequency of the system at that mode. To this end, the contribution of all modes within the existing frequency range must be decomposed. 4. The modal impulse response matrices (IRM) of the system h [ ] d i are generated for each mode, according to the associated modal parameters (Kazemi Amiri and Bucher, 2015) .
The IRM together with the decomposed modal response from step 2 are utilized to set up the input-output relation for the inverse identification of the acting modal wind load, i.e P i , in the equation below:
The elements of the modal
 , where l equals the total number of time steps, are derived based on the impulse response function at each mode (Kazemi Amiri and Bucher, 2015) . 5. The following optimization problem, referred to as Tikhonov regularization scheme, is solved for estimating the applied wind load P ∼ i . Tikhonov and Arsenin (1997) :
Eq. (3) is ill-conditioned and consequently the Tikhonov regularization scheme (Eq. (4)) has been used to find the acting wind load.
Prior to solving the preceding optimization problem, the so-called optimal regularization parameter λ i should be determined. To the knowledge of the authors, there are two techniques that can estimate the regularization parameter without a priori knowledge on the measurement noise. Those techniques are L-curve (Hansen and O'Lary, 1993; Hansen, 2007) and generalized cross validation (GCV) (Wahba et al., 1979) . L-curve is the log-log plot of the smoothened solution (identified load) versus the residual norm (difference between retrieved and actual response), corresponding to different values of regularization parameter, and the balancing regularization parameter lies in the corner of L-curve. GCV provides the following mathematical expression, whose minimizer is an estimate of the regularization parameter:
where . 6. If required, the identified modal wind load can be transferred to the modal subspace of another structure for the post analyses. This is the case when the performance of the existing structure under wind excitation, called here the primary structure, is supposed to be improved. To do this, the post analysis on the modified version of the structure, referred to as the secondary structure, should be carried out. Importance is attached to the point that transferring the identified load makes sense, if and only if the actual wind load p, in the physical subspace, is the same for either structure. This condition requires both structure to have similar geometries with regard to their wind exposed areas. If such condition holds, then a transfer matrix T is sought, so that the modal subspaces between two structures can be exchanged, with respect to the fact that
In the above equation P ∼ , gives:
Usually the mass matrix of the primary structure is not available. Moreover, through the application of an OMA merely the modal parameters are identified and the mode shapes are not massnormalized. On the other hand, the secondary structure mass matrix should exist, because for further analysis the mathematical model of the secondary structure is required. In this situation, the above transfer matrix can be derived in terms of the mass matrix of the secondary structure. Therefore, the same scheme as above is followed such that:
The comparison of the latter with the Eq. (6) yields that T can be determined indirectly by taking the inverse of T′, namely T T = ′ −1 . The steps 1 and 2 are usually executed only once and afterwards the remainder steps are carried out for the new response data. Nonetheless, it is important to mention that in some situations, where different modal characteristics are identified or they change A. Kazemi Amiri, C. Bucher Journal of Wind Engineering & Industrial Aerodynamics 167 (2017) 75-86 over time (e.g. see Salcher et al. (2016) ), the entire procedure has to be repeated.
Results

The structure and measurement setup
The structure is a 9.1 m (30 ft) tall guyed mast and consists of three parts. Each part of the mast has an equilateral triangular cross section, whose dimensions respectively from bottom to top are 0.43, 0.34 and 0.26 m (see Fig. 1a ). Each part of the mast is composed of three main legs together with the horizontal and cross bracing elements, made of aluminium alloy. In order to prevent the excessive lateral displacement, three cables from either side account for the additional constraint on the upper part of the mast. The structure is located in Petzenkirchen, Austria and serves as a weather station tower in the Hydrological Open Air Laboratory (HOAL) (Blöschl et al., 2016) . Fig. 1b shows an in situ picture of the mast structure.
The wind-induced acceleration response of the structures is measured in horizontal plane of the mast via capacitive accelerometers, which are suitable for relatively low frequency vibration measurements. An almost evenly distributed configuration for the sensor locations was selected (see S S
[ 1: 7] in Fig. 1a) . Such distributed configuration assists to identify the mode shapes in all three parts, uniformly. Due to the poor vibration intensity around the guys connection, attachment of the sensors very close to those points was avoided. The vibration response was measured in two perpendicular direction (i.e. x and y) at locations S1, S3, S5, S6 and S7. The additional measurement in direction-y at the sensor locations S2 and S4 delivers the geometrical requirement for taking the coupled bending-torsional modes into account. As a result, there are 12 sensor channels in total. Through this sensor configuration one can measure general motion of the structure for a proper system identification. A representation of the measurement setup on the mast is shown in Fig. 2 .
OMA results
The modal characteristics of the structure have been identified based on the stochastic subspace identification method (Reynders and Roeck, 2008) , by means of the so-called "MACEC" (Reynders et al., 2014) . The sampling rate for data acquisition was set to 100 Hz. In order to have an insight into the eigenfrequencies of the system, firstly the acceleration power spectrum of different measured channels were observed. As an example, the power spectrum of the sixth channel at S4 (in direction-y) is illustrated in Fig. 3a . For a better resolution, in the wind-induced vibration frequency range of interest, the signals were decimated by factor 7, which consequently yields to the new measurable upper bound of 7.1 Hz with respect to the Nyqvist frequency. The power spectrum of the decimated signal is depicted in Fig. 3b . Note that, all of the first four peaks are not clearly visible in this figure, as the signal belongs to only one direction. The signal processing including signal decimation and the offset removal should be also carried out before system identification.
The results of OMA, regarding the first six identified modes, are [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] provided in Table 1 and Fig. 4 . Note that, in reality the identified mode shapes from experimental vibration data are complex-valued vectors (Mitchell, 1990; Caughey and O'Klley, 1965) . As such, the identified mode shapes were realized via the complex transformation matrix (Niedbal, 1984; Friswell and Mottershead, 1995) .
Identification of the wind load
In this study, solving the ill-posed inverse problem corresponding to Eq. (3) for fluctuating part of modal wind loads was accomplished by Tikhonov regularization scheme (Tikhonov and Arsenin, 1997) . The optimal regularization parameter, required for solving Eq. (4) has been determined by L-curve and generalized cross validation (GCV) techniques. Different methods are available that deal with the ill-posed inverse problems (e.g. see Hansen (1987) , Klimer and O'Lary (2001) and Varah and Numer (1973) ). The accuracy of the regularized solution is inversely proportional to the size of the problem, i.e. the dimensions of matrices in Eq. (3). This in turn depends on the time length and the number of system degrees of freedom (dofs). The augmented IRM, introduced in Kazemi Amiri and Bucher (2015) , was used to set up the Eq. (3). The augmented IRM considers a linear evolution of the input between two consecutive time steps, namely implements the first order hold-type approximation. As such, the augmented IRM allows for larger time intervals for time discretization of the problem, in comparison with the ordinary IRM that assumes the step-wise constant input evolution. By projecting the physical coordinates onto the modal subspace two advantages are achieved. Firstly the multiple dofs system reduces to a number of single dof systems that gives rise to reduction of the problem size. Note that, generally the single parameter Tikhonov regularization treats the single unknown inverse problem much better than the case with multiple unknowns. This is due to the fact that there might be different degrees of ill-conditioning with respect to each unknown, while single regularization scheme cannot treat them individually but rather on average. There are methods developed based on the idea of multiple regularization levels like L-hypersurface (Belge et al., ) and multiple GCV (Modarresi, 2007) . Those methods are considerably more complex in implementation than their single level regularization counterparts and are usually more efficient for the problems with a small number of unknowns. This condition does not hold for the case of wind loading that is present on a large number of dofs. The second advantage of modal projection is that, the continuous quantity of wind pressure/load acting on the structural element is discretized in modal subspace as an equivalent single force. As a result of the latter, the underdetermined state of the corresponding inverse problem, with respect to a limited number of sensor locations, is also resolved.
Afterwards, the type of the response quantity should be selected for the wind load reconstruction. Importance is attached to the point that the response type is another influential factor on the accuracy of recovered load. It is shown in Kazemi Amiri and Bucher (2015) that the displacement is more suitable over the acceleration response, in order to infer the wind load from measured response.
Field application of the wind load identification
The case study structure is relatively a light-weight structure, therefore the accelerometers units were used in order to avoid the drastic effect of sensor mass on the behaviour of the structure. Consequently, the acceleration signal is integrated twice in frequency domain according to integral property of Fourier transform to obtain the displacement response (Brandt and Brincker, 2014) . To prevent the drift phenomenon, which usually occurs because of signal integration, the signal is windowed and also passed through high-pass Butterworth filter with cut-in frequency of 0.2 Hz, every time before and after integration.
The displacement signals were decomposed into their modal response by means of the identified mode shapes, according to Eq. (2). In order to check the validity of the decomposed modal displacements response, the power spectrum pertaining to the first six modes are plotted in Fig. 5 . According to this figure, each signal features one dominant peak in the power spectrum corresponding to the modal natural frequency. This confirms that, the displacement response was correctly decomposed in the modal coordinates.
The augmented modal displacement IRMs were established for a 60 Sec time interval, using the information in Table 1 . The size of the IRM should be set to l=857 in Eq. (3), with respect to the time steps equal to A. Kazemi Amiri, C. Bucher Journal of Wind Engineering & Industrial Aerodynamics 167 (2017) 75-86 0.07 Sec associated with the sampling rate of the decimated signal (14.3 1/Sec). The identification results illustrate that the reconstructed modal loads by L-curve and GCV are almost identical in time history plots for the first four modes. On the other hand in the fifth and sixth modes, GCV (unlike L-curve) recovers the modal wind load only in the vicinity of the corresponding natural frequencies. Consequently, the identified wind loads by GCV have substantially small amplitudes, compared to those by L-curve in time history plots. The time history and power spectrum of the identified modal wind loads in the first and fifth modes are given in Fig. 6 , as the representatives of both cases. A. Kazemi Amiri, C. Bucher Journal of Wind Engineering & Industrial Aerodynamics 167 (2017) 75-86 4. Verification of field application results
In contrast to the numerical simulation, the applied wind load can not be directly measured in the experiments. Therefore, a procedure was sought for verifying the identified modal wind loads indirectly. Some studies compare the retrieved response from identified wind load with the actual measured response. However, Eq. (3) is derived based on the convolution integral, and the IRM has a smoothing effect on the Fig. 6 . Reconstructed wind loads from field measurement data.
A. Kazemi Amiri, C. Bucher Journal of Wind Engineering & Industrial Aerodynamics 167 (2017) 75-86 applied load. It means that, for a highly or slightly fluctuating identified load, apart from its validity, almost identical response might be retrieved (Hansen, 2007; Groetsch, 1984) . As such, the results of the numerical simulation of the same problem are also provided, in this contribution. Subsequently, the validity of the field results can be crosschecked, by inspection of the similarities in time and frequency A. Kazemi Amiri, C. Bucher Journal of Wind Engineering & Industrial Aerodynamics 167 (2017) 75-86 Fig. 7 . Reconstructed wind loads from numerical simulation.
A. Kazemi Amiri, C. Bucher Journal of Wind Engineering & Industrial Aerodynamics 167 (2017) 75-86 Fig. 7. (continued) A. Kazemi Amiri, C. Bucher Journal of Wind Engineering & Industrial Aerodynamics 167 (2017) 75-86 domain between the features of the in situ and simulation-based reconstructed modal wind loads.
Simulation of the wind load reconstruction
The detailed finite element of the mast structure was established in SlangTNG (Bucher and Wolff, 2013) . The acting wind load along the structure is generated by the digital simulation of the fluctuating part of wind speeds in two perpendicular directions of the horizontal plane of the mast, independently at different height levels. The correlated fluctuating wind speeds were simulated at 18 height levels corresponding to the panels of the mast, with the assumption that wind speed is constant over one panel (see Fig. 1a) . Then, the resulted wind forces due to the action of the wind pressure on the exposed area of the mast elements were considered as nodal loads, acting on the intersections of the mast elements.
The simulated noise-polluted response was achieved from the actual response, by adding the normalized white noise with adjustable noise level. The noise level was scaled with respect to the response standard deviation of the corresponding degree of freedom. The configuration of the virtual sensors as well as the measurement sampling rate are identical to that of the field experiment. The reader is referred to Kazemi for more details on the problem simulation.
The time history and the power spectrum of the reconstructed wind load for the first mode with the eigenfrequency equal to 3.03 Hz is illustrated in Fig. 7 . The results obtained by L-curve and GCV are almost the same and of a high accuracy. The corresponding result of the fifth mode with the eigenfrequency of 5.69 Hz is also represented in Fig. 7 . Although GCV fails to find the optimal solution at this mode, but L-curve provides a good quality recovered wind load signal. The noise level for the numerical simulation was set to 10% of the response standard deviations of the response at the virtual sensors locations.
According to the power spectrum plot in Fig. 7c , it can be observed that a slight deviation of the identified signal power spectrum from that of the actual signal occurs only after the natural frequency of that mode. Consequently, the background signal is correctly identified. This leads to a negligible discrepancy between the identified and actual modal wind load signal in the time history plots. Analogous to the simulation results, the experimentally identified loads by GCV and Lcurve are almost identical in time history with deviation of power spectrums after the natural modal frequencies. However, less discrepancy is expected for the reconstructed loads by GCV, since the deviation in the spectrum of the GCV-based identified loads (after corresponding natural frequencies) are less compared to those recovered by L-curve.
The next interesting analogy exists between the results of fifth and sixth modes. In simulation, GCV has obviously failed to recover the applied modal wind load except around related mode natural frequency similar to the fifth and sixth modes in the field experiments (c.f. Fig. 6f  and 7f ). Nevertheless, L-curve could identify the wind load but relatively inaccurate compared to what for the first to fourth modes. As a result the validity of experimental results of the fifth and sixth modes can be verified, with a degree of uncertainty. Nevertheless the higher the mode number, the less contribution it has in the response to the input excitation, that reduces the effects of the inaccuracy in the identified modal load.
Conclusion
This contribution presented the field application of a proposed procedure for modal wind load identification inversely from full-scale measurement data of structural response. The major focus was drawn to the technical aspects of the practical application, including the case study, measurement setup, data processing and the utilized methods within the load identification procedure. It is important to note that all information needed for wind load identification was obtained solely from the measurement data. In this regard, no additional information was required, either on the structural properties (e.g., any need to system mass, stiffness and damping matrices), or knowledge about the wind characteristics of the site of the structure.
The advantages of wind load reconstruction in the modal subspace, the use of displacement response and utilizing the augmented modal impulse response matrices was discussed profoundly. The modal parameters (natural mode shapes, natural frequencies and damping ratios) were required for the generation of the modal impulse matrices as well as decomposition of the measured displacement response. The structural modal properties were obtained by means of an OMA technique from the same ambient vibration testing data, which was then used for inverse load identification. The Tikhonov solution was utilized in conjunction with the methods of L-curve and GCV for tackling the inherent ill-posedness of the inverse problem.
In practice, it is not generally feasible to measure the actual wind load acting on the structural element, in order to verify the load identification results. It was described that, for this purpose a better solution than simulation of the problem and observation of the existing analogies does not exist. The numerical simulation of the same problem can demonstrate the strength or weakness of the introduced procedure for practical applications. Consequently, the validity or failure in the filed application of the proposed procedure was verified by means of the analogy between the field and numerical simulation results. It was obviously observed that for a number of first vibration modes the experimental results are reliable. Last but not least, as the case study had the sufficient complexity and generality of an arbitrary structure, this method can be applied for modal wind load identification of other structures, too.
